tionshaps« ewlpgic studies, cn$ronancntal epidemiology, ionizing radiatio methodoklogy, n-: *plasma, nuclear power. En Heakh PepWet n105:52-57 (1997) The accident at the Three Mile Island (TMI) nuclear facility near Harrisburg, Pennsylvania, which began on 28 March 1979, resulted in environmental releases of ionizing radiation. A presidential commission expressed confidence that the maximum external radiation dose to a person in the general population was less than average annual background levels (about 1 mSv) and that no health effects would be detectable (1) . Despite these assurances, public concerns about cancer and other health effects persisted, and the TMI Public Health Fund, created and governed by a court order, supported investigators from Columbia University to estimate doses to populations within the 10- mile area and collect information on incident cancers for the years [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] . Analyses of associations between accident doses and cancer incidence were published in 1990 (2) .
The Columbia investigators "tested a priori hypotheses that risks of specified cancers may have been raised by exposure to radiation emanating from the Three Mile Island nuclear power plant" (2) . Primary hypotheses considered selected leukemias separately by age, childhood cancers, nonHodgkin's lymphoma, and Hodgkin's disease. Among these endpoints, only nonHodgkin's lymphoma showed a statistically significant (two-tailed, p<O.05) relationship with accident doses. All cancers and lung cancer were also significantly associated with accident doses. However, because of the lack of strong associations for childhood and highly radiosensitive cancers in their analysis, the possibility of uncontrolled confounding, and the estimates of low doses and short follow-up, the authors concluded that observed associations did not reflect an accident effect (2, 3) .
The assumption of Hatch et al. (3) that doses were too low to produce observable effects is supported by measurements of radioactivity in air, soil, animals, and food (1, 4) , but also follows from conditions under which doses for the cancer incidence study were estimated (2 (5) . Such legal restrictions suggest that investigators were not in a position to make an unencumbered critical evaluation of radioactive releases. These conditions raise doubts about the assumption that doses were of low magnitude and introduce circularity into the reasoning behind the previous conclusions that accident doses were too low to produce the associations previously reported (2, 3) .
Although the dosimetry model predictions used in the TMI study were shown to be consistent with limited thermoluminescent dosimeter readings at locations outside the boundary of the plant (2), important instruments were inoperable at the beginning Articles -Cancer incidence near TMI of the accident (6): monitors were not disseminated beyond the immediate off-site area until days after the accident began, and there were large angular gaps in placement of dosimeters (6, 2) . Little dosimetric evidence was available for releases that occurred early in the accident and for releases that traveled in plumes with low dispersion (6, 7) . Low estimates of local doses were extrapolated from measurements of radioactive plumes from the accident at a distance of 375 km; however, those estimates were based on extensive assumptions about atmospheric mixing over great distances (8) . In contrast, there were reports of erythema, hair loss, vomiting, and pet death near TMI at the time of the accident and of excess cancer deaths during 1979-1984 (9, 10) . In 1994-1995, cytogenetic analyses were conducted of 29 persons who lived near TMI and reported erythema, vomiting, diarrhea, and other symptoms at the time of the accident (11, 12) . Because (12) . Results of the measured ratio for the TMI sample obtained from the calibration curve produced dose estimates in the range of 600-900 mGy (11, 12) .
We present a reanalysis and reinterpretation of data on cancer incidence in relation to the accident at TMI for a number of reasons. First, there is a logical problem with testing a hypothesis that cannot be supported by evidence. Relative risks at the maximum accident dose estimate of 1 mSv cited by Hatch et al. (2) would be less than 1.005 according to National Academy of Science estimates of dose response (13) . Although some research supports relative risk estimates an order of magnitude higher (14) (15) (16) (17) , relative risks would still not be detectable using epidemiological methods (18) . Pool (19) Instead of specifying primary hypotheses regarding rare cancers with potentially short latency, we consider broad groups of cancers to be of primary interest because ionizing radiation affects most cancer types (13) and can play a role in late as well as early stages of the carcinogenic process (21) . To control for the possibility that study tracts with higher accident doses already showed higher cancer rates before the accident, we use a regression model that includes incidence data for both preaccident and postaccident periods to adjust for preaccident differences in cancer incidence between study tracts. This method allows for control of unmeasured baseline characteristics, a technique that is not often possible in observational studies. For comparison with previous work, we also report analyses that use socioeconomic variables to control for preaccident associations. Additionally, our reanalysis avoids the problem of undercounted cancer cases in the preaccident period.
Materials and Methods
Data collection and measurement techniques were described previously (2) . Briefly, an area within approximately 10 (26) (Table 1 ). There is a small positive association between accident dose and cancer incidence during the Articles * Cancer incidence near TMI (17, 27) , and elevated risks for uranium miners exposed to radon have been observed to begin 4-5 years since exposure (28, 29) . This is consistent with the potential of ionizing radiation to act at late as well as early stages in the carcinogenic process. At high doses, penetrating whole body irradiation causes immunosupression (30) ; lung cancer and other solid tumors have been observed to occur in excess within 1 to 5 years of immune suppression (21) .
Results for lung cancer differ from those reported previously (2) . Our estimate of the relative risk of lung cancer for an accident dose of 597 units, 1.85, is larger than the estimate of 1.3 by Hatch et al. (2) which is the only value in their paper that is described as adjusted for preaccident incidence (2) . Regardless of adjustment for socioeconomic variables, we did not find lung cancer to be associated with accident dose in the preaccident period, as Hatch et al. reported (2) . This difference in results is explained entirely by the exclusion in our analysis of data for 1975, the year with an undercount of incident cases.
Larger associations of accident dose with all cancer in models including socioeconomic variables were primarily due to the education variable, which was positively associated with accident dose. Education was also positively associated with all cancer incidence in the preaccident period. This adjustment could decrease bias if there were changes in postaccident incidence or detection, related to average education levels of study blocks, that were not controlled by adjustment for baseline incidence. For example, cancer detection may have been poorer prior to the accident in study areas with lower education than in areas with higher education. In that case, increases in detection after the accident could have been greater in study blocks with lower education levels, adjustment would be warranted, and the larger estimates of accident effect would be less biased. However, given concerns about ecological adjustment for confounding (21), we have emphasized the smaller estimates of the accident effect that are unadjusted for socioeconomic variables.
In studies of changing disease rates following a well-publicized event, heightened awareness of symptoms and surveillance by medical personnel can lead to increases in disease due to detection bias. However, if the relationship of accident dose to cancer increases was an artifact of changes in detection bias, changes in detection would have had to be coincident with plume paths from the accident. Because the dose estimates do not follow simple proximity or line-of-sight associations with TMI (2), in which case doses could have been associated with motivation to seek medical care for cancer symptoms more promptly, detection bias should not affect the analyses reported here. Furthermore, Hatch et al. (3) compared proportions of preaccident and postaccident cancers that were diagnosed at local, regional, and distant stages and found no consistent increases in early stage diagnoses.
Apart from the question of the accuracy of estimates of the magnitude of radiation exposures, poor classification of relative exposures within the 10-mile area detracts from the ability of the study to detect associations. Assignment of residence based on date of diagnosis, rather than following groups based on residence at time of the accident, leads to mixing of exposed and unexposed populations and dilution of incidence rate differences between dose groups. This bias would increase with time; however, even residence at time of the accident is only a proxy measure, because it does not account for time away from the home, location inside or outside, and other factors influencing individual radiation doses. Although the possibility of biases that would result in overestimation of effects cannot be excluded, the nature of the accident itself, and design of the original study suggest that measurement and data inadequacies, along with short followup, would be expected to result in underestimation of dose-effect associations.
This analysis shows that cancer incidence, specifically lung cancer and leukemia, increased more following the TMI accident in areas estimated to have been in the pathway of radioactive plumes than in other areas. The observation of a change in association is analytically powerful because it shows that the effect is temporally associated with the hypothesized causal event. Causal interpretation is further strengthened by the observation that the dose pattern resulting from plume travel is unlike many behavioral, occupational, and environmental exposures which are related in a complex biosocial process that makes them interdependent and potentially influenced by medical care and detection. Rather, higher and lower dose study tracts
